Abstract. There are stated the findings of studies of the kinetics of drying paper for corrugating (fluting) with the use of infrared radiation. Theoretical model of the process of infrared drying is developed. There are received the kinetic regularities of drying process of corrugated board flute with the use of infrared radiation as well as basic parameters of the process, necessary for the estimation of industrial equipment. The adequacy of the model is confirmed by experimental results. It is recommended to implement for paper-processing machines producing corrugated board flute.
Introduction
Due to the growing demand for corrugated board in the market the production of paper for corrugation (fluting) increases significantly, as it is one of major components of corrugated cardboard.
Limiting stage in the production of corrugated board flute is the process of drying with the use of drying cylinders of the paper-processing machine. Production of steam for drying cylinders requires burning of large volumes of gas, creating significant carbon dioxide emissions. Carbon dioxide pollutes the environment and increases the greenhouse effect.
Also the drawback of contact method of drying with the use of steam cylinders concerns the insufficient heating rate of wet paper at the beginning of drying; it is limited with the low thermal conductivity and slowed down with the water evaporation. Therefore, reducing of carbon emissions and energy costs is considered topical.
One of the promising methods of drying is the use of infrared radiation (Anderson, 1997) . Infrared radiation is able to penetrate into the bulk of material (Kuang et. al., 1994) . In addition, the rate of heat transfer in the material is not limited by its thermal conductivity. Infrared radiation is well absorbed and passes a wet paper thickness (Pettersson and Strenstrom, 1998) . Thus the material is heated quickly, reducing the time before the beginning of evaporation.
Method
Theoretical basis of the process of radiation-convective drying are introduced by Lykov. The bases of mathematical models of various types of paper drying equation are mass transfer and heat transfer (Asensio and Seyed-Yagoobi (1992) , Shen, Lu, and Li (2003) ).
The differential equation that takes into account the infrared radiation as an internal source of heat is proposed for the description of the respective mechanism:
(1)
where Qv -internal source of heat absorption of infrared radiation. The papers Jamal and Jefferson (2001) , Seyed-Yagoobi and Husain (2001) includes the application of Lykov's equation for drying of cardboard and paper.
Fluting thickness is small. Therefore, temperature gradient in the elementary layer is zero. Heat balance drying process:
where m -mass of 1 m 2 of absolutely dry paper; c p , c w -heat capacity of absolutely dry paper and water; u -moisture content of paper; t -temperature of paper (during drying); q r -density of heat flow; τ -drying time.
From equation 2:
Speed drying during heating and in the first period of drying:
where F -surface area drying, β -mass transfer coefficient, P s -the vapor saturated pressure; Pppartial vapor pressure.
Partial vapor pressure:
where φ -relative humidity of air Speed drying in the second period of drying:
where k -drying speed constant in the second period; u f -final moisture content. The theoretical model describing the kinetics of drying the corrugated board flute consists of equations:
Boundary conditions of the third kind for the paper surfaces:
where z 0 , z 1 , z n-1 , z n -coordinates the thickness of paper; λ -the thermal conductivity of the wet paper; δ -paper thickness; α -coefficient of heat transfer from the paper to the environment; t atm -temperature of the environment.
Density of heat flow on the surface fluting defined by the Stefan-Boltzmann law: Table 1 shows the baseline data to calculate the theoretical model. The resulting theoretical model is solved by finite difference method and compared with experimental data. Within calculation the thickness of the paper was divided into ten equal parts.
During the experiment, test samples made of corrugated board flute were wetted to the level of specified moisture content and were kept in the exiccator. Then they were placed onto electronic scales and dried by infrared rays from electric ceramic radiators that radiated in the range of 2,9-5 µm. Indications of automated scales were transferred to a personal computer with a frequency of 2 -3 times per second.
Results
The results of solutions of the theoretical model presented above are represented in the form of graphic dependences of moisture content on the time of drying under condition of different densities of heat flow in Figure 1 . №№1e, 2e, 3e -experimental data; №№1t, 2t, 3t -theoretical data Fig.1 . Drying curves fluting Figure 1 shows that the theoretical and experimental curves of drying coincide with sufficient accuracy, but their form is typical for drying of capillary-porous materials.
It is defined that under the influence of radiant heat flow with density of 3665 W/m 2 the heating of wet corrugated board flute continues 20-22 seconds. Moisture content is reduced from 1,72 kg/kg to 1,65 kg/kg. Period of constant speed of drying lasts about 128 seconds, and moisture content is reduced from 1,65 kg/kg to 0,5 kg/kg. During the second period of drying equal to 170 second, the speed of drying is reduced to 0 and moisture content is reduced from 0,5 kg/kg to 0 kg/kg.
With increasing of density of heat flow to 4300 W/m 2 , the time of heating of wet corrugated board flute is decreased to 18 -20 seconds, and the rate of drying in the first period is increased. For 100 seconds the moisture content is reduced from 1,64 kg/kg to 0,4 kg/kg. In the second period of drying the moisture content is reduced from 0,4 kg/kg to 0 kg/kg during 130 seconds.
With increasing the density of heat flow to 6385 W/m 2 the speed of drying is significantly increased. During 60 seconds in the heating period and the first period of drying the moisture content is decreased from 1,6 kg/kg to 0,3 kg/kg. In the second period the moisture content is reduced from 0,3 kg/kg to 0 kg/kg during 100 seconds. Such increase of speed in the first and second periods indicates significant impact of heat flow upon the speed in these periods of drying.
Theoretical model of drying of the corrugated board flute makes it possible to calculate the temperature and moisture content in the cross-section of corrugated board flute during the certain period of time of drying.
Results of calculation of profile of relative rate of moisture content and temperature by the thickness of corrugated board flute are shown in figure 2. 
Discussion
The temperature profile indicates the presence of a temperature gradient by the thickness of the paper, though its value is small, within the range of 1-2 °С. It is based on the small thickness of paper and quite high absorption of infrared radiation by the thickness of corrugated board flute.
Profile of moisture content indicates the availability of the gradient of moisture content by the thickness of corrugated board flute. The Gradient value differs in the range from 0 to 0,0015 kg/kg, increasing over time and in case of increase of the density of heat flow. This is due to the evaporation of moisture content by the whole thickness of the paper.
Solutions of the theoretical model for industrial heat flow density show that the drying time is reduced, while the gradients of temperature and moisture content increase.
Conclusions: 1. The theoretical model of corrugated board flute drying is developed and its solution for a wide range of density of radial flows is received. 2. The adequacy of the proposed model and sufficiently high intensity of drying are experimentally confirmed. 3. The possibility of industrial implementation of the process is confirmed.
